G LIAL FIBRILLARY acidic protein (GFAP) is an intermediate filament protein of astrocytes that has importance to neuroendocrine mechanisms for two major reasons: 1) its levels are regulated by a wide range of hormones, e.g. glucocorticoids (l-5), sex steroids (668), and cytokines (1, 9); and 2) the amount of GFAP can modulate interactions of astrocytes with neurons. In the rat hypothalamus on proestrus, GFAP-containing astrocytic processes expand, apparently displacing y-aminobutyric acid-ergic afferents before the preovulatory gonadotropin surge (7); GFAP messenger RNA (mRNA) also increases during proestrus (8). More direct evidence for the role of GFAP in astrocyte-neuron interactions is that antisense GFAP mRNA blocked the induction of astrocytic processes in response to neurons during coculture (10).
GFAP mRNA is modulated at several levels of control (1). As determined by nuclear run-on assays, glucocorticoids decrease GFAP mRNA and transcription in the hippocampus and cerebral cortex (2,5), whereas tumor necrosis factor lowers GFAP mRNA in cultured astrocytes without altering its transcription (9). The transcriptional regulation of GFAP by glucocorticoids may be complex and indirect, because its response is several hours slower than that of glutamine synthetase (GS), a gene that is rapidly induced by glucocorticoids in astrocytes (5). Astrocytes possess two receptor types that mediate responses to corticosteroids, type I [mineralocorticoid (MR)] and type II [glucocorticoid (GR)] (11). GRs bind to canonical glucocorticoid response elements (GRE) (12) that mediate transcriptional control. The rat GFAP 5'-up-stream promoter has several putative GREs (l), at least one of which is functional (13). Type II receptors mediate the control of GFAP by corticosterone (CORT) (2). Other transcriptional controls of GFAP regulate responses to CAMP (14) and phorbol esters [the TPA (tetradecanoyl-phorbol ester) response element, known to bind activating protein-l (AI'-I)] (15) and during development (16). DNA methylation of the up-stream promoter and coding sequences also varies quantitatively between brain regions and cell types and may influence transcription (17). The GFAP promoter contains clusters of putative response elements for diverse hormones and inflammatory mediators that imply multiaxis neuroendocrine controls over transcription (1).
The regulation of GFAP by glucocorticoids is subject to local factors in the brain. For example, there is an asymmetry in the inhibition of GFAP expression by CORT, such that elevations of GFAP mRNA in the hippocampus that result from deafferenting lesions are inhibited by CORT on the contralateral side, but not ipsilateral to the lesion (18). Local factors that differentially regulate GFAP between the lesioned and nonlesioned sides could include altered neuron-astrocyte interactions during the degeneration of neuron terminals and astrocyte proliferation. Both local and systemic factors may be important in the changes in GFAP expression during ovulation (7, 8) and parturition (19) and in response to altered neuron electrical activity (201.
We are developing in vitro models for analyzing hormonal mechanisms in these complex features of GFAP regulation. In contrast to in viva responses, CORT increased GFAP in primary cultures of astrocytes and in C6 gliomas (13,211. This investigation focuses on determinants of the direction of GFAP transcription in response to CORT, a phenotype that shows extensive plasticity. We also examined two other astrocyte mRNAs: GS, which, in contrast to GFAP, is induced in response to CORT; and vimentin (VIM), another intermediate filament protein that does not show transcriptional regulation by CORT in viva (5). Because GFAP immunoreactivity is reduced by coculture with neurons (22,23), we also examined responses to CORT in astrocyte-neuron cocultures. Nuclear run-on assay Transcription rates were estimated bv run-on assay in control and CORT-treated cultured astrocytes (30 x lb" cells) (5). Transcripts labeled with 132PlUTP (5-10 x lo6 cum) were hvbridized to slot blots made with 1 &cDNA that was a&ah-linked to'nylon membranes (Zeta-Probe, Bio-Rad Laboratories, Richmond, CA). Three nonoverlapping GFAP cDNA probes were used, covering exons 1-6 (cDNA), intron I (0.9 kb), and intron VIII (0.6 kb). GFAP intron probes were cloned into pCRI1 (Invitrogen, San Diego, CA) (5). GS and VIM transcription rates were studied using cDNA probes to 3'-sequences.
Materials and Methods

Primary brain cell cultures
Blot signals were measured by phosphorimaging.
GFAP promoter construct and transfection of primary astrocytes 5'-Up-stream sequences 1.9 kb of the rat GFAP promoter (1,131 were cloned into pGL2 basic plasmid @omega, Madison, WI 
Results
GFAP expression is induced by CORT in short term (21-day) astrocyte cultures
Primary astrocytes from neonatal rats were cultured for 21 days and were at confluence for about the last 7 days. This duration of culture was chosen because levels of type II GR receptors are higher at 21 days than at 10 days (11). Six hours after the introduction of CORT at a range of physiological concentrations in serum-free medium, we observed a biphasic dose response, with the greatest increase in GFAP mRNA (4.7-fold) at 1 PM CORT (Fig. 1A and Fig. 1B ). This direction of GFAP response to CORT models in viva responses (see introduction).
Long term astrocyte cultures had a 3-fold higher prevalence of GR mRNA than short term cultures (Fig. 2) Activity of endogenous GFAF' promoter Activity of exogenous GFAP promoter (after (transcription rates by run-on assay using GFAF' cDNA probe, % of control) transfection of 1.9 kb GFAP promoter with luciferase reporter, % of control) Long term Short term Long term Short term Control 100 -c 7 100 + 12 100 2 9 100 -c 13 CORT (1 PM) 69 t 5" 176 2 15" 60 i 10" 190 t 18" GFAP transcription was analyzed by both nuclear run-on assay and with a promoter construct that contained 1.9 kb of 5'-up-stream rat GFAP DNA with a luciferase reporter after CORT treatment of long and short term astrocytes in uitro. Relative transcription rates by nuclear run-on assay were analyzed by phosphor imaging and expressed as a percentage of the untreated control value (mean 2 SEM of four independent experiments). Luciferase activity measured in lysates of transfected cells was normalized to total protein and 6-galactosidase. /3-Galactosidase activity was measured for standardization of transfection efficiency after cotransfection of GFAP construct with pSV-6-galactosidase control vector. Data are expressed as a percentage of the untreated control value (mean ? SEM of three independent experiments). a P < 0.05.
GS induction by CORT is not influenced by culture duration
For comparison with GFAP, we also examined GS, another astrocyte gene whose transcription was rapidly induced by glucocorticoids in viva (5). GS mRNA was induced by CORT (1 PM) in both long and short term astrocyte cultures (Fig. 1 , C and D) as well as in secondary cultures of both origins (not shown). Therefore, there is no switch in the direction of GS regulation by CORT in astrocytes in vitro.
Transcriptional regulation of GFAP, GS, and VIM by CORT
Because GFAP mRNA levels can be regulated independently of transcription (see introduction), it was necessary to show that these responses to CORT were mediated transcriptionally, which was achieved by run-on assay and by a promoter construct. In short term astrocyte cultures, CORT (1 PM) increased GFAP transcription rates to a maximum by about 4 h (Fig. 3A and Table 2 ). In contrast, CORT caused a faster increase in GS transcription; increases were detected by 30 min and reached a maximum at 2 h (Fig. 3B) . VIM transcription was not influenced by CORT (Fig. 3B) , as observed in viva (5).
In long term astrocyte cultures, CORT (1 PM) caused a decrease in GFAP transcription rates (Fig. 4C and Table 2 ), in agreement with the direction of response of GFAP mRNA. CORT also increased the GS transcription rate, but did not change VIM transcription (Fig. 3D) , as observed in viva (5).
To further establish the effects of CORT on GFAP transcription, we used a construct that contained the 1.9-kb 5'-up-stream flanking region of rat GFAP gene with luciferase reporter. These promoter sequences contain at least one functional GRB, as evaluated by transfection into C6 glioma cells OF GFAP IN ASTROCYTES (13). CORT treatment of short term astrocyte cultures transfected with this GFAP promoter construct showed a 190 + 18% increase in GFAP promoter activity. However, long term cultured astrocytes with the same full-length GFAP promoter construct showed a 60 t 10% decrease in GFAP promoter activity after 4 h of CORT treatment (see Table 2 ). Transfection efficiencies were identical in short and long term astrocytes when monitored by /3-galactosidase activity after cotransfection of GFAP-luciferase vector with pSV-pgalactosidase control vector (not shown).
GFAP mRNA expression in astrocyte-neuron cocultures
Astrocyte interactions with neurons modulate astrocyte morphology and GFAP expression (see introduction). Therefore, we examined short term cultures of primary neonatal cortical astrocytes and embryonic cortical neurons (3:l ratio, astrocytes/neurons). Astrocytes, which are typically flat and polygonal, when grown in the presence of neurons extended GFAP-immunopositive processes (Fig. 4) . By Northern blot hybridization, GFAP mRNA was decreased in these mixed neuron-glia cultures (Fig. 5A) .
Six hours of CORT treatment further decreased GFAP mRNA in astrocyte-neuron cocultures (Fig. 5B) . This direction of response models that observed in viva and contrasts with responses of short term monotypic astrocyte cultures.
However, the presence of neurons did not affect the responses of GS to CORT (Fig. 58) .
To further resolve the cellular basis for the effects of coculture, we showed by in situ hybridization that GFAP mRNA per astrocyte in astrocyte-neuron cocultures was 50% lower than that in monotypic astrocyte cultures (Fig. 5C ). Six hours of CORT treatment caused a 3-fold increase in GFAP mRNA content per astrocyte in monotypic astrocyte cultures, but caused a 2-fold decrease in GFAP mRNA per astrocyte in astrocyte-neuron cocultures (Fig. 5C) .
Because the direction of response of the chromatin structure of nonneural cells to glucocorticoids can be influenced by factors in the conditioned medium (301, we examined the medium. The culture medium conditioned by primary neurons or by cocultures of astrocytes and neurons did not affect the direction of GFAP regulation by CORT in neonatal astrocyte cultures (not shown).
Discussion
These studies on cultured primary astrocytes revealed features in the regulation of GFAP by CORT that give insight into the neuroendocrine involvement of GFAP in vivo. We first discuss how the duration of culture influences responses and then the effects of coculture with neurons.
In short term (21-day) primary cultures of astrocytes from neonatal rats, CORT induced GFAP transcription, mRNA, and protein. This direction of response is opposite the CORTmediated decrease in GFAP mRNA and protein observed in vivo in adult rats. Because CORT decreases GFAP mRNA in neonatal rats (4) as in adults, we conclude that the direction of response to CORT does not depend on the schedule of differentiation. In neonatal rats, GFAP expression is far below adult levels, but increases rapidly (reviewed in Refs. 1 and 16).
The transcriptional level of response to CORT by primary astrocytes was shown by run-on assays and by responses of a transfected rat GFAP promoter construct containing 1.9 kb of 5'-up-stream sequence. By run-on assay, the increased transcription of GFAP in short term astrocyte cultures was detected after a delay of 4 h, as observed in vivo (5). In contrast to GFAP, CORT treatment of the same cultured cells caused a rapid increase in GS transcription at 30 min. Thus, the characteristic slowness of GFAP transcriptional responses to CORT is maintained in short term cultures, although the direction of response is opposite that in viva The delayed increase in GFAP induction by CORT suggests that the induction is mediated by an indirect mechanism secondary to activation of type II glucocorticoid receptors. The data also indicate posttranscriptional regulation, because induction by CORT is greater for GFAP mRNA than GFAP protein. GFAP protein has heterogeneous turnover rates that favor multiple levels of regulation; a shorter-lived pool of GFAP has a halflife of 18 h or less (31, 32) .
The duration of time at confluence influenced the direction of response of GFAP expression to CORT. In long term (3-month) primary astrocyte cultures that were confluent for more than 2 months, CORT treatment repressed GFAP transcription and GFAP mRNA and protein, as observed in vivo of neurons in these mixed cocultures induced astrocytic GFAP, c-fos, and JunD to levels found in monotypic astrocyte cultures (23). The proteins c-fos and c-jun form the AP-l-transcription factor complex, which can invert transcriptional responses to the glucocorticoid receptor from positive to negative. Another switch mechanism was found in the promoter of the proliferin gene, which contains a composite GRE that is bound by both the type II (GR) receptor and AP-1 transcription factors (39); the presence or absence of c-jtln together with high levels of c-fos invert the transcriptional response to glucocorticoids. Whatever the relative importance of changes in type II receptors or AI'-1 factors may prove to be for responses of GFAP to CORT, the first 1. 
